Abstract. During an earthquake, diagonal braces are designed to dissipate energy by yielding in tension and buckling in compression. However, local buckling occurring in the middle of the brace leads to immediate fracture. Aiming to strengthen braces against local buckling, this study proposes wrapping FRP sheets in the transverse direction. The e ect of FRP strengthening on the post-buckling behavior of Square Hollow Section (SHS) tubes has not been investigated. A numerical model was generated and veri ed by other previous researches. Then, a comprehensive parametric study was conducted, and the e ects of slenderness ratio, the number of FRP layers, and FRP coverage percentage on post-buckling response of the strengthened brace were explored within this study. Results indicated that utilizing FRP was certainly successful in mitigating local buckling mode of long SHS braces. Moreover, for short braces, applying enough FRP layers can change the mode of buckling from local to overall. Finally, an optimized length of FRP was proposed for brace strengthening in accordance with their slenderness ratio.
Introduction
Due to their numerous advantages, SHS section is used extensively as a bracing member. During an earthquake, a diagonal brace member undergoes several tension-compression cycles. Yielding in tension, buckling in compression, and a plastic hinge formation at the mid-span help a brace to dissipate ground motion energy. However, by accumulating plastic deformation, local buckling develops within the plastic hinges, leading to failure after a number of cycles [1] [2] [3] . Thus, with a more belated local buckling formation, a brace can have a more energy dissipation capacity. However, the local buckling threat to SHS tubes as a thin-walled section is inevitable [4, 5] . Limitations on the compactness ratio were assigned to seismic provisions as a remedy to inhibit the local buckling mode [6, 7] . Despite the fact that decreasing the compactness ratio is a practical way to prevent local buckling, it may lead to an increase in weight and cost. In addition, some researchers investigated and recommend using innovative sections with higher resistance against local buckling [8, 9] . However, the de ciency of compactness should still be compensated for numerous existing buildings.
Welding steel plates to steel structures is another way for strengthening steel structures against local buckling. However, it is not desirable due to an increase in weight and residual stresses caused by welding. Fibre-Reinforced Polymer (FRP) composites have been recently used as a strengthening component. As acknowledged by previous researches, FRP can be used as a promising approach to concrete structures [10] [11] [12] . However, the bene cial e ects of FRP strengthening on steel structures are still under investigation [13, 14] . High strength-to-weight ratio, good corrosion resistance, and absolute shape exibility of FRP are the most noticeable advantages of FRP that encourage the construction industry to use it as a strengthening material. It can not only enhance the exural behavior of structural elements [15] [16] [17] , but also strengthen the stability of steel members, as recently discovered.
Some researchers [18] [19] [20] investigated the e ects of Carbon Fibre-Reinforced Polymer (CFRP) and Glass Fibre-Reinforced Polymer (GFRP) wrapping on the plastic hinge performance. They demonstrated that CFRP could expand the plastic hinge zone, delay the lateral torsional buckling, and slow down the local buckling occurrence. Sayed-Ahmed [21] added CFRP layers to non-compact tension ange of the I-shape sections to increase exural strength by delaying the local buckling incident. Moreover, it was shown that the threat of buckling could be avoided by FRP enhancement for slender structures without a signi cant gain in weight [22, 23] .
FRP composites were also used for increasing the axial capacity of columns. Shaat and Fam [24] [25] [26] applied FRP laminates to long columns and investigated the e ect of longitudinal FRP sheets on the global buckling load of columns for di erent slenderness ratios. They also utilized FRP sheets on short columns in both transverse and longitudinal directions to inspect the e ect of FRP direction on the local buckling strength. According to the results obtained, for long columns, the e ect of strengthening was decreased by reducing slenderness ratio; for short columns, transverse layers were more e ective in mitigating local buckling. The e ect of CFRP strengthening on column behavior was also examined, and the obtained results indicated that CFRP wrapping could be reliably used for enhancing axial compression strength of columns [27] [28] [29] [30] . Kabir and Nazari [31] studied the buckling of cracked tubes repaired by FRP. They found that the application of FRP patch could retrieve the whole strength of the damaged tube; in some cases, it could even enhance the strength by 35% in comparison with the intact column. Furthermore, in order to reduce the local buckling e ects on circular steel tubes, researchers [20, [32] [33] [34] demonstrated that utilizing FRP wrapping could be an e cient solution. Moreover, Zhao et al. [35] con rmed that CFRP bonding could increase the end-bearing capacity of the RHS tubes. Alam et al. [36] demonstrated the success of FRP wrapping in enhancing the impact-resistance capacity of steel tubular members. Moreover, some researchers demonstrated the success of FRP wrapping in con ning concrete-lled steel tubes [29, 37, 38] .
Some studies investigated FRP strengthening of braces. Harries et al. [39, 40] added FRP plates to T section anges to prevent local buckling in web and ange. They realized that FRP could control local buckling formation before debonding, while the e ect of FRP was reduced by increasing the slenderness ratio.
Gao et al. [41] strengthened long tube braces with CFRP in the longitudinal direction to increase the overall buckling. They concluded that longitudinally bonded CFRP sheets were really e ective in increasing axial strength. El-Tawil and Ekiz [42] inhibited brace buckling by wrapping FRP sheets to provide a similar response of Buckling-Restrained Braces (BRB).
Although previous studies have shown that FRP composites could enhance the performance of the structural members subject to buckling phenomenon, the FRP strengthening of braces with square hollow sections against local buckling has not been investigated so far. Accordingly, this study evaluated the e ect of transverse wrapped CFRP on buckling modes of the SHS braces. To do so, numerical models for the brace strengthening were developed by ABAQUS (2011), while the e ects of various parameters, including slenderness ratio, number of FRP layers, and FRP coverage length, were investigated.
Finite-element modeling of CFRP strengthened SHS braces
To provide a ductile response in an earthquake scenario, diagonal braces must be designed to sustain plastic deformations and dissipate hysteretic energy in a stable manner through successive cycles of buckling in compression and yielding in tension [43] . Therefore, the brace strengthening should be performed such that it has no e ect on the overall buckling, since the brace needs to buckle in compression to dissipate earthquake energy. Instead, CFRP should be able to reinforce the brace against local buckling, which causes rupture. In comparison to the achievements of previous investigations, in this research, the e ect of FRP application in the transverse direction was studied in a wide range of SHS braces. Thus, the e ect of strengthening on the post-buckling behavior of the braces, which has not been considered by other studies, was explored. In order to investigate the performance of CFRP strengthened SHS braces, a nite element study was conducted by using ABAQUS. As illustrated in Figure 1 , the model is composed of an SHS brace and FRP sheets, which were wrapped transversely around the entire length of the brace. The cross-section used in the numerical study was the same with that in the experimental tests reported in Shaat [24] . It was an 89 89 3:2 mm SHS, which is a non-compact section in accordance with AISC [7] . Therefore, the section is prone to local buckling incident. Both FRP sheets and steel section were modeled with shell elements, which are suitable for large-scale deformation analysis.
Material model
All the material properties were extracted from Shaat study [24] , as listed in Table 1 . The bilinear isotropic hardening model was considered for steel behavior, and the tangent modulus was assumed to be 0.5% of elastic modulus. Buckling behavior of cold-formed steel members was a ected by residual stresses, which were considered by inserting residual stress pattern, displayed in Figure 2 , into the Gauss points, too [44, 45] .
In this gure, t shows the thickness of the section. Hashin criterion was chosen for evaluating the FRP composites failure [46] . The Hashin failure criterion is appropriate for orthotropic material with brittle behavior, and the criterion viably used for the failure prediction of FRP composite materials was con rmed by previous studies [47, 48] . The bond between tube and FRP was also modeled by employing the cohesive behavior option [46] . The required inputs were calculated through the equations shown in [49] . However, debonding was not checked and bond simulation was done to consider the e ect of bond strength loss on the buckling incident. 
Loading and boundary conditions
To simulate boundary conditions closer to the realworld practice, base plates were also included in the modeling and the axial load was exerted on the brace through them. In braced frames due to the plastic hinge formation in gusset plate connection, the brace member is in the situation of hinged-hinged boundary condition. Thus, the rotation degree of freedom at both ends was released.
Two loading conditions of monotonic and cyclic loading were investigated. For monotonic analysis, models were axially compressed till local buckling in the braces was formed. For cyclic analysis, modi ed Applied Technology Council (ATC) loading protocol, recommended by Fell [2] for concentric braces, was selected. Figure 3 shows the modi ed ATC loading protocol. In this gure, drift angle () is the rotation of braced frame, and the corresponding axial displacement ( a ) can be calculated by Eq. (1):
( 1) where L B is the length of the brace.
Validation of the model
Since the model should be able to capture both local and global buckling modes, six columns with lengths of 2380 mm and 175 mm dominating global and local buckling modes, respectively, were selected from Shaat's study [24] and modeled. First, control specimens from both long and short columns, called 7 and 12, were veri ed. Then, two long columns, including that on two sides of the section (named 8) and the other on all four sides (named 11), strengthened with longitudinal CFRP were veri ed, too. Specimen 14 was strengthened with wrapping FRP sheets in the transverse direction, and Specimen 16 was strengthened by wrapping both longitudinal and transverse layers of CFRP. As expected, after buckling, the strength of columns gradually dropped. According to Figure 4 , the numerical model can accurately be validated against experimental results [24] for both unstrengthened and strengthened specimens. The developed numerical model also has a good ability to capture the buckled shape (see Figure 5 ).
E ect of FRP wrapping on buckling behavior
As mentioned in the previous sections, the local buckling is not a desirable failure mode for braces under cyclic loading. Therefore, the strengthening should merely enhance the performance of the member under local buckling with no e ect on the global buckling, since the overall buckling will enable the brace to dissipate earthquake energy. According to previous studies [24] , utilizing FRP in the transverse direction can inhibit local buckling by controlling outward buckling of two sides (see Figure 6 ). In the current research work, a layer of GFRP and two layers of CFRP were transversely overwrapped through the entire length of the brace, and their e ect on the local buckling was investigated for di erent slenderness ratios.
Eigenvalue analysis of braces with di erent slenderness ratios
The elastic buckling (eigenvalue) analysis was carried out to nd the buckling mode shapes of the braces. However, since the response of the braces involves material nonlinearity, a general eigenvalue buckling analysis can only provide a useful understanding of buckling mode shapes. In addition, geometry imperfections used for post-buckling analysis are generated from the lowest buckling mode shapes [46] . While shorter braces buckle locally, the buckling mode changes from local to global when slenderness ratio is more than 44.8, as shown in Figure 7 . The vertical axis of Figure 7 indicates critical elastic buckling load (P cr ) normalized against a critical elastic buckling load of the shortest control model (P cr (min)), while the horizontal axis shows the slenderness ratio. It is seen that when the brace is strengthened by CFRP, the slenderness ratio, the border between two buckling modes, is reduced to 42.2. The slenderness ratio range of both control and strengthened models was divided into two parts of the local and global buckling regions. As can be seen, there is a middle part, where the dominant mode of control braces is still local buckling, whereas the strengthened braces buckle globally. This middle part is marked with hatch patterns in the gure. This reveals that FRPstrengthening can transform the mode of buckling from local to global for the speci c slenderness ratio range. For convenience, the part where both strengthened and unstrengthened braces begin to buckle locally is called short brace part. The part where only unstrengthened braces have local buckling mode is called intermediate brace part, and wherever the global buckling dominates is called long brace part.
Post-buckling analysis of braces with di erent slenderness ratios
A nonlinear static analysis using modi ed Riks method was also conducted to explore the e ect of strengthening on the buckling behavior of braces considering material nonlinearities. Thus, the ultimate strength of braces (P cr ) with di erent slenderness ratios was computed. Results are illustrated in Figure 8 . The vertical axis shows the ultimate strength of the braces (P cr ). The axis is normalized against the minimum ultimate strength (P cr(min) ), which belongs to the shortest control brace. The borders between local and global buckling were found the same as those obtained from eigenvalue analysis. By considering plastic behavior during the analysis, the di erence between buckling loads of control and strengthened models narrows down, compared to the results of eigenvalue analysis. While the local buckling mode of short braces is length independent, their critical buckling load does not change with the slenderness ratio growth. However, when the global buckling mode is dominant, the critical buckling load of the braces decreases by increasing the slenderness ratio. According to Figure 8 , for the short brace part, strengthening has the highest role in increasing the buckling strength. However, for intermediate brace part, by providing a su cient compactness ratio, strengthening transferred local buckling to the second position, which caused brace to buckle globally with lower strength. In the long brace part, the e ect of strengthening on critical buckling load diminishes gradually, which indicates the limited e ciency of strengthening in the overall buckling. Figure 9 shows the axial load-axial displacement diagrams for both short and long braces. As depicted in this gure, only local buckling takes place at the ends for short braces, although local buckling following global buckling appears in the middle of the brace for long braces. The variations in the load reduction rate of the diagram, caused by buckling modes, are shown in Figure 9(b) .
Because the local buckling point of long braces is located in the descending part of the axial loadaxial displacement graph, investigating the e ect of strengthening may not be applicable. Hence, there is a need to de ne a parameter that can infer local buckling mitigation properly.
The axial displacement is the only parameter that increases linearly with respect to time. Therefore, by considering the axial displacement accompanied by the occurrence of local buckling as LB , parameter LB was de ned for evaluating the local buckling enhancement. LB can be calculated using Eq. (2).
Hence, a greater amount of LB shows more delay in local buckling incident. Details of the obtained results are listed in Table 2 . P y , in this table, is the load through which steel starts to yield; P cr is the ultimate load that a specimen can tolerate. Under load P u , fracture initiates and u is the corresponding displacement of load P u . Another parameter, u , was also de ned that expressed an improvement in postponing the fracture initiation. After strengthening, the amount of P cr increased reasonably for short braces. However, the amount of P cr for long braces did not undergo notable change. For intermediate braces with slenderness ratios between 42.2 and 44.8, mode transformation, which is caused by strengthening, decreased the ultimate strength, P cr . Besides, strengthening did not make a notable change in P y parameter. The growth of LB in long braces shows that strengthening is remarkably successful in delaying local buckling incident.
The ampli ed amount of ( LB ) for slenderness ratios between 42.2 and 47.9 corresponds to the change in buckling mode sequence caused by strengthening.
The way that all of these parameters are altered proves that strengthening in the transverse direction is e ective in postponing local buckling with no considerable rise in global buckling load, as expected. In addition, an insigni cant increase in P y indicates that the strengthening strategy does not even block the plastic ow in the section, which is helpful for earthquake energy damping. Moreover, a large amount of u parameter for moderate and long models reveals that by delaying the local buckling formation, the occurrence of fracture can be inhibited essentially. For short models, this parameter has lower growth. The reason is that strengthening short braces increases their strength capacity against local buckling, while postponing it as the local buckling is the dominant mode for them. The last column of the table shows the observed failure modes. Y, GB, LBE, LBM, and DB represent Frac mean yielding, global buckling, local buckling at the end of the brace, local buckling in the middle of the brace, debonding and fracture, respectively. The failure of all cases resulted in a fracture, caused by local buckling development.
E ect of FRP wrapping on cyclic response
During an earthquake, brace members are exposed to cycles of tension and compression. Then, the e ect of FRP strengthening on the brace hysteretic performance should be clari ed, too. For this reason, the cyclic response of a wide range of unstrengthened and strengthened braces with di erent slenderness ratios was investigated.
As a sample, the axial cyclic response of a long strengthened brace, obtained from numerical analysis, is compared to the control one, as presented in Figure 10 . In this gure, axial load is normalized against plastic load, and axial displacement is normalized against plastic displacement. It is noticeable that strengthening by inhibiting local buckling in compressive part is able to postpone the brace strength loss occurrence in tensile part of the next cycle. In addition, strengthening brought about a wider diagram, which proves the e ciency of strengthening in cyclic performance enhancement.
Two fundamental factors in evaluating the brace hysteretic performance include ductility and energy dissipation. These two factors were computed for both strengthened and control models, and the results are illustrated against the slenderness ratio in Figures 11  and 12 .
In accordance with the gures, seismic demands increased with the slenderness ratio growth for long braces, whereas no signi cant variation was seen for short braces. This corresponds to the later local buckling incident of longer braces, leading to later failure. In addition, FRP strengthening led to an increase in ductility and energy dissipation capacities of braces in all of the three parts. This is not surprising, while FRP wrapping in the transverse direction did not prevent yielding or overall buckling incidents, which are the prerequisites for ductile behavior.
Parametric study of the strengthening characteristics
A parametric study was carried out by the developed nite element model to optimize CFRP utilization. Thus, a brace from each category of short, intermediate, and long braces was selected, and the e ects of two strengthening parameters, including coverage length and the number of FRP layers, were investigated.
E ect of FRP coverage length
Since the local buckling is prone to occur in speci c locations, strengthening the entire length of brace does not seem to be necessary. Hence, in this section, the e ect of FRP coverage length on the local buckling is reported. Then, 25%, 50%, 75%, and 100% of the brace length were covered by CFRP, and the axial response of the braces as well as their buckling mode shapes were investigated. The strengthening layup was considered to be the same as before.
Short braces
A short brace with a slenderness ratio of 35.9 was selected. As shown in Figure 9 (a), local buckling for short braces forms at two ends of the brace. Thus, for the purposes of partial strengthening, only the end parts were equally covered, as shown in Figure 13 . Figure 14 (a) displays the in uence of partial strengthening on axial load-axial displacement relationships of the short brace. It is observed that, due to the dependency of the local buckling on the compactness ratio, partial strengthening may not postpone the local buckling. In other words, by strengthening the end parts, the local buckling was just transferred from ends to the middle with no improvement in buckling strength (see Figure 14(b) ). However, when the entire length of the brace was covered with CFRP, the buckling load increased remarkably. Consequently, partial strengthening is not e ective in the case of short braces.
Intermediate braces
An SHS brace with a slenderness ratio of 42.8 was also selected from the intermediate brace category. Since the buckling mode of unstrengthened intermediate braces is similar to that of short braces, a similar strengthening pattern was used (see Figure 13 ). In the previous sections, it was shown that strengthening the entire length could change the buckling mode of the intermediate brace from local to global buckling. However, as shown in Figure 15 , with the partial strengthening, local buckling mode governed the behavior of the strengthened brace. Moreover, according to Figure 15(a) , partial strengthening cannot improve the buckling strength of the brace, too. Thus, partial strengthening is not a practical technique for intermediate braces. By full strengthening (100% in Figure 15 ), as expected, the buckling mode of the brace changed; however, no increase was observed in the buckling load of the brace.
Long braces
Among long braces, a brace with a slenderness ratio of 67.9 was chosen. The local buckling for long braces occurs after global buckling in the middle of the brace. Therefore, the middle part needs to be strengthened (see Figure 16) .
The results of partial strengthening of long braces are illustrated in Figure 17 . As depicted in Figure 17(a) , while the coverage length does not have an e ect on the global buckling which controls the strength of the brace, it signi cantly postpones the local buckling. In addition, decreasing the coverage length does not reduce the e ectiveness of retro tting in local buckling mitigation. However, as shown in Figure 17 (b), when the FRP strengthened region is not long enough, the local buckling forms outside of strengthened region close to the ends of strengthening region. Therefore, in order to conduct e ective partial strengthening, FRP coverage length should be long enough to inhibit all the local buckling possibilities inside and outside of the strengthened region. For a brace with a slenderness ratio of 67.9 and compactness of 24.8, strengthening at least 50% of the brace length is recommended.
Since slenderness and compactness ratios have key roles in the behavior of long braces, the e ect of these two parameters on the optimum length of FRP coverage length was studied, too. The optimized length of FRP coverage of a brace with an 89 89 3:2 mm section was determined for di erent slenderness ratios. Results are illustrated in Figure 18 (a). According to the gure, by increasing the brace's slenderness ratio, the required length of FRP decreased. Furthermore, the optimized percentage of FRP coverage was converged to about 40% for the slenderness ratios, i.e., more than 86.
A similar study was performed on the compactness ratio. The variations of the optimized FRP coverage length with a compactness ratio are given in Figure 18 (b) for a brace with a slenderness ratio of 67.9. When the compactness ratio increased to 37, the entire length of the brace was required to be strengthened as the local buckling dominated. However, for a less compactness ratio, the optimized FRP coverage length varied between 65% and 33%. With a reduction in compactness ratio, the optimized length of FRP coverage decreased.
E ect of the number of FRP layers
In this section, the number of FRP layers required for providing adequate compactness is explored. The braces selected in the previous sections are used for this section, too. To do so, a layer of GFRP was considered to be glued as the rst layer for all braces, while the number of CFRP layers varied from 1 to 4. Of note, it was assumed that the entire length of braces was strengthened. Figure 19 (a) shows the axial load-axial displacement relationship for a short brace with various CFRP layers. According to this gure, adding the rst layer of CFRP caused the most gain in enhancing the local buckling. When the number of CFRP layers increased to 3 layers, the buckling load increased. However, after employing the fourth layer, the compactness was su cient enough for shifting the local buckling incident to the global buckling mode. Consequently, wrapping more FRP layers led to placing the border between short and intermediate brace domains, as depicted in Figure 8 .
Short braces

Intermediate braces
According to the classi cation de ned earlier, strengthening the intermediate brace with 2 layers of CFRP changed its buckling mode from local to global buckling mode. According to Figure 19(b) , when only one layer of CFRP was utilized, the transmission from local to global buckling did not take place. However, by adding more FRP layers, the dominant mode was converted from local to global buckling. layers was investigated for a typical SHS long brace with a slenderness ratio of 67.9. As can be seen in Figure 19 (c), inserting the third layer of FRP has a signi cant role in delaying the local buckling mode. However, adding the fourth layer enhanced the performance of brace against local buckling, insigni cantly. Moreover, for all models, no obvious rise in the value of peak strength was observed.
Conclusion
Diagonal Braces under earthquake load are expected to dissipate energy by buckling in compression and yielding in tension [43] . The local buckling occurring after the overall buckling subjects the brace to the danger of fracture. According to previous studies, overwrapping transverse FRP sheets around a section is capable of preventing local buckling occurrence. Then, in this study, the use of FRP wrapping in the transverse direction was proposed. Such an FRP application seems to have the potential for suspending local buckling without resisting against the overall buckling, while the overall buckling of braces has a vital contribution to dissipating ground motion energy.
Consequently, a numerical model veri ed by previous research was developed to investigate the e ect of FRP wrapping on the buckling behavior of braces. FRP sheets were considered to be transversely wrapped around the section, and key parameters including slenderness ratio, FRP length, and FRP coverage length, which can a ect the strengthened brace performance, were investigated here. Moreover, the e ect of slenderness and compactness ratios on FRP coverage length of long braces was studied speci cally. The following results were drawn from the numerical study:
An increase in strength attained by strengthening was the same for all short braces with di erent slenderness ratios as their performance was independent of slenderness ratio. However, for long braces, strengthening e ect decreased with an increase in the slenderness ratio; Three types of behavior were observed by changing the slenderness ratio of strengthened braces. For the lower slenderness ratios, brace strengthening just increased the local buckling load. For braces with an intermediate slenderness ratio, strengthening could change the mode of failure from local to overall buckling. Finally, for greater slenderness ratios, strengthening just mitigated local buckling of the braces as the second mode of failure; FRP strengthening is able to make a considerable rise in seismic demands. Investigating the cyclic behavior of a wide range of braces demonstrated that FRP enhancement could postpone local buckling and subsequent fracture to the next cycles. Moreover, following strengthening, a signi cant increase was seen in ductility and energy dissipation; Adding more layers of FRP improved the e ectiveness of strengthening in all braces. Furthermore, strengthening with FRP can reduce the boundary of the slenderness ratio between short and intermediate braces. For a short brace with a slenderness ratio of 35.9, using 4 layers of FRP can change the mode of buckling from local to overall. The same result was obtained for a longer brace with a slenderness ratio of 42.8 by applying two layers of CFRP; Partial strengthening of the short and intermediate braces cannot avoid the local buckling occurrence in the unstrengthened region. Conversely, for a long brace, by dominating overall buckling mode, degrading the FRP coverage up to the optimized length has no considerable e ect on the quality of local buckling inhibition. However, employing FRP coverage of less than optimized length is incapable of preventing local buckling that occurred outside of the strengthening domain; With an appropriate parametric study for a long brace, it is possible to reduce FRP consumption and use an optimized length of coverage instead. The results of the study on the partial strengthening of long braces revealed that the optimized length of FRP coverage for local buckling mitigation was reduced for braces with larger slenderness ratios. Likewise, utilizing more compact sections decreased the minimum required length of FRP coverage, which is able to inhibit local buckling occurrence; Further study is still required to nd other aspects of SHS brace strengthening.
